The fatty acid profiles of 59 type strains representing genera, species, and serovars belonging to the family Leptospiraceae were investigated by using gas-liquid chromatography of fatty acid methyl ester (FAME) derivatives prepared from washed leptospires. The interstrain differences of the gas-liquid chromatography FAME profiles were quantified by performing a linear regression analysis in which we compared the FAME profiles of pairs of strains and expressed the results as correlation coefficients. Leptospiral strains could be differentiated into 17 FAME relatedness groups, which were characterized by both stringent similarities within a group and sharp differences between groups. In each group, a strain was selected as a FAME reference strain. FAME reference strains can be used as keys for a chemotaxonomic phenotypic classification of strains belonging to the family Leptospiraceae.
currently recognized in the family Leptospiraceae (13, 14, 16) were investigated by using gas-liquid chromatography of fatty acid methyl ester (FAME) derivatives. The FAME profiles of pairs of strains were compared by performing a linear regression (LR) analysis (7) , and the results were expressed as correlation coefficients.
At the strain level, biological and technical variables (i.e., the gas chromatographic run, the chemical derivatization process, coeval seeds of the same strain, and the growth phase of the culture) did not significantly affect the FAME profiles of the strains tested (4) . On the other hand, at the interstrain level, stepwise increasing differences were observed among the type strains examined (4). These results indicated that in the family Leptospiraceae, FAME profiles behave like stable fingerprints of the bacterial phenotypes and can be used to differentiate leptospiral strains.
In this study the gas-liquid chromatography FAME profiles of 59 leptospira strains representing 28 parasitic and 31 saprophytic serovars were compared to determine whether these profiles could be used as a chemotaxonomic key for the classification of members of the Leptospiraceae, using the similarities and differences in the strains tested.
MATERIALS AND METHODS
Bacterial strains. In the family Leptospiraceae, two genera (Leptospira and Leptonema) and four species (Leptospira interrogans, Leptospira bifexa, Leptospira parva, and Leptonema illini) are presently recognized (13, 14, 16) . A total of 59 type strains, representing 28 serovars of Leptospira interrogans, 29 serovars of Leptospira bijlexa, and single serovars of Leptospira parva and Leptonema illini, were included in this study. Within the Leptospira interrogans and Leptospira bifexa groups, type strains representing the proposed species Leptospira borgpeterseni, Leptospira inadai, Lep tospira noguch ii, Lep tosp ira san t a rosai , Leptospira weilii, Leptospira meyeri, and Leptospira wolbachii * Corresponding author. (24, 27) were also included in the set of 59 serovars examined. Most of the strains tested were obtained from the Leptospira Culture Collection kept at the Istituto Superiore di Sanita (2); the exceptions were the type strains of serovars navet, peru, wawain, and lyme, which were received from A. Kaufmann, Center for Infectious Diseases, Atlanta, Ga.
The strains were grown in polysorbate albumin-enriched EMJH medium (9, 17) . The same batches of basal medium and enrichment from a commercial source (Difco Laboratories, Detroit, Mich.) were used throughout the experiments. The strains were cultured at 30°C in flasks containing 50 ml of medium. Leptospires in the exponential phase of growth were harvested from 5-to 7-day-old cultures by subjecting them to six cycles of centrifugation at 10,000 x g for 30 min and washing in fatty acid-free EMJH basal medium. Cells were finally collected in 0.5 ml of fatty acid-free basal medium. FAME extracts. Long-chain fatty acids extracted from microorganisms require derivatization for gas-liquid chromatography. Accordingly, FAME derivatives were prepared for gas chromatographic analysis by using the following four-phase procedure (8, 23): (i) bacterial cells, collected as described above, were saponified with 1 ml of 3.75 M NaOH in 50% aqueous methanol and heated in a boiling water bath for 30 min; (ii) free fatty acids in the preparation were methylated with 2.0 ml of 3.25 M HC1 in a methanol solution, heated in a water bath at 80°C for 10 min, and rapidly cooled to room temperature; (iii) FAMEs were extracted from the aqueous phase with 1.25 ml of hexane-diethylether (l:l), and the acidified lower phase was discarded; and (iv) the extract was washed and neutralized with 3.0 ml of a 0.3 N NaOH solution. The organic extract in the upper phase was the final FAME extract.
Gas chromatographic parameters. A Dani model 3800 PTV gas chromatograph equipped with a fused silica capillary column and a flame ionization detector was used for the analysis. The operating parameters were as follows: the injector and detector temperatures were 250°C; the column temperature was programed to increase from 120°C (8-min initial isoterm) to 250°C (held for 10 min) at a rate of 2"C/min; the column (20 m by 0.32 mm [inside diameter]) was coated with dimethyl silicon gum (type SE 30); the carrier gas was hydrogen (head pressure 100 kPa); the detector gases were air (head pressure, 40 kPa), hydrogen (head pressure, 60 kPa), and nitrogen make-up gas (head pressure, 200 kPa); and the sample injection volume was 1 pl. Gas chromatographic runs and the integration parameters retention time (RT), elution order, and percentage of the total area of FAME peaks were recorded by using a Hewlett-Packard model HP 3396A integrator. Identification of FAMEs. A commercial calibrating standard containing 27 bacterial FAMEs (catalog no. 4-7080; Supelco) that were representative of seven fatty acid families was used to calibrate the chromatographic column. FAME peaks were tentatively identified by comparing RTs with the RTs of authentic samples in the standard mixture. The linear relationship between RTs and numbers of carbon atoms of fatty acids within the same family, according to the equivalent chain length method (1, 15) , was used to identify those fatty acids that were not included in the calibrating mixture.
Statistical analysis. The gas chromatographic profiles of the strains tested were stored in a data file. The FAME profiles of pairs of strains were compared by performing a LR analysis (7), using the following general LR equation: y = mx + q , where rn and q are the slope and intercept of the best straight line correlating two FAME profiles, respectively.
The correlation coefficient (r), indicating how the experimental data fit the theoretical straight line, was used as the main digital value for comparing a pair of strains. The theoretical values of equality between profiles were as follows: m = 1.0, q = 0.0, and r = 1.0. The standard deviation (s) of the correlation coefficient was calculated, and values of less than 2.5 were accepted as indicating close similarity between strains.
RESULTS
A total of 26 FAME peaks were recognized as typical of FAME profiles of leptospires on the basis of their presence in one or more leptospiral strains in repeated (three or more) gas chromatographic runs. Peak areas equal to or greater than 3% of the total FAME area in at least one strain were selected for further comparison. A total of 18 peaks had values above the cutoff value in the strains tested (Table 1) ; 16 of the 18 selected peaks were tentatively identified by using the RT and equivalent chain length methods. Peaks 2 and 14 in the elution order of the FAME profiles could not be identified.
The following structural types of fatty acids were identified (where x indicates the number of carbon atoms): saturated acids (x = 10, 14, 15, 16) , monounsaturated acids (x = 12,14, 16, 18), diunsaturated acids (x = 14, 16), and hydroxy acids (x = 11, 12, 15). In the family of monounsaturated fatty acids, the positional isomers cis-11-tetradecenoic acid, cis-11-hexadecenoic acid, and cis-11-octodecenoic acid were tentatively identified. 11-Hexadecenoic acid was previously identified by direct chemical methods in strain S102 of parasitic serovar ballum (20) . As isomers at position 11 are not found in any other member of the order Spirochetafes and have a very restricted distribution among bacteria (6), their presence must be considered typical of leptospiral strains.
The FAME profiles of the same strains were compared by performing a LR analysis (7) . Close similarities in LR parameters (r > 0.950, rn > 0.8, rn < 1.2, q < 51.0, s < 2.5) were chosen to classify the leptospiral strains which we studied into FAME relatedness groups (Tables 2 and 3) . In all, 17 FAME relatedness groups were identified. In each group, a reference strain was selected to which related strains could be referred. In this study some groups were represented by a single typical strain. Strains Sobradinho, Friuli 48, and Cau, reference strains of serovars sobradinho, udine, and cau, respectively, which were previously included in Leptospira biflexa, were members of Leptospira interrogans FAME relatedness groups. Revision of these strains to ascertain whether they are taxonomically members of serovars of Leptospira interrogans is pending. Strain Kazackstanika 2, which was previously placed in Leptospira biJexa, was a member of the FAME relatedness group that included Leptonema illini. Studies are pending to ascertain the taxonomic position of this strain of serovar kazackstanika 2 in the genus Leptonema.
A comparison of the FAME relatedness group data with the DNA reassociation group data, on the basis of which seven new species were proposed (27) , showed that each of the proposed parasitic species (Leptospira borgpeterseni, Leptospira santarosai, and Leptospira inadai) corresponds to a different FAME relatedness group. On the other hand, strains MW 10 and Celledoni of the proposed species Leptospira weilii were members of two different FAME relatedness groups. Similarly, strains Fort Bragg, LSU 1945, and CZ 214K of the proposed species Leptospira noguchii were members of two different FAME relatedness groups.
DNA reassociation studies were more limited with Leptospira bijlexa strains ( Table 3) . The single strains examined of the proposed species Leptospira meyeri and Leptospira wolbachii were members of the Veldrat S173 and Waz Holland FAME relatedness groups, respectively ( Table 3) . The correlation coefficients of the FAME reference strains ( Table 4 ) differed substantially from one another, indicating sharp divergences among the FAME relatedness groups. On the whole, the FAME reference strains of Leptospira interrogans and Leptospira bijlexa were classified into eight and seven FAME relatedness groups, respectively. Higher levels of divergence characterized the correlation coefficients of FAME reference strains H, 10, and 3055, which represented the newly recognized species Leptospira parva (14), Leptospira inadai (24), and Leptonema illini (13), respectively.
A comparison of the FAME profiles of reference strains (Table 5 ) revealed qualitative and quantitative differences. For example, Leptonema illini 3055 was characterized by peaks 1 and 2, which were absent from strains belonging to the genus Leptospira. Leptospira parva H typically lacked peak 3, which was present in all of the other strains tested, whereas peak 9 was a major fatty acid peak only in this strain.
DISCUSSION
In this study, FAME peaks were not definitely identified by chemical methods since our objective was to identify FAME profiles as typical fingerprints of bacterial strains. Even without direct chemical identification of fatty acids, evidence that FAME profiles represent a stable chemical character for leptospiral strains is provided by the arrangement of strains into FAME relatedness groups.
The chemical structure in which the fatty acids of leptospires are included is probably the bilayered phospholipidlipopolysaccharide (LPS) structure of the outer membrane that is typical of gram-negative bacteria (5, 21, 22, 26) . In members of the Leptospiraceae, as well as in members of the Enterobacteriaceae, fatty acids are located both in lipid A, the hydrophobic stable part of the LPS molecule, and in phospholipids (6, 18, 21) . On the other hand, serovar antigens are probably located in the hydrophilic variable part of the LPS molecule, corresponding to the so-called 0-antigen of members of the Enterobacteriaceae, which is a polymer of repeating carbohydrate units (21). The location of fatty acids within the stable part of the phospolipid-LPS complex and the presence of FAME relatedness groups indicate that FAME profiles may be considered part of the phenotypic expression of genes encoding for the stable part of the bilayered phospholipid-LPS structure of members of the Leptospiraceae.
Even if members of the Leptospiraceae cannot synthesize fatty acids de novo and depend on the exogenous intake of these chemicals from the environment (3, 11, 12, 25) , fatty acids are a stable phenotypic characteristic of each strain.
The FAME relatedness groups take a place among the taxonomic divisions already accepted. Workers have constructed recombinant DNA clones that can differentiate leptospires at the infraserovar level (10); serovars have been distinguished on the basis of different patterns of their main antigens and in turn have been included in serogroups that have main antigens in common (19) . According to our results, several leptospire serovars that are members of different serogroups can be placed in a single FAME relatedness group. Conversely, a single DNA relatedness group (27), which is an expression of the whole genomic program of the bacterium, may include leptospire strains that belong to more than one FAME relatedness group.
In conclusion, our results show that FAME profiles, which may be regarded as fingerprints of the phospholipid-LPS bilayers of the outer membranes of leptospires, (5, 22,  26) , can be used as a chemotaxonomic key for the classification of leptospiral strains into FAME relatedness groups.
Work is in progress to apply the results of FAME profile studies to all presently recognized leptospiral strains in order to include them in a comprehensive scheme of FAME relatedness groups into which the members of the family Leptospiraceae can be divided.
